The hydrogen bond in oxyhydroxides and hydroxides is an attractive interaction between a hydrogen atom from a hydroxyl (O-H) group and a near neighbor oxygen atom or a group of atoms [1] . In contrast to other interacting atoms, H bonds undergo large variations of their energetic and geometrical parameters under pressure [2] [3] [4] [5] . At ambient pressure the O-H Á Á Á O configuration is highly asymmetric. For example, in goethite, -FeOOH, a common mineral in soils, sediments, and ore deposits, the angle formed by the (O-H) and the adjacent O is 161(3) , the O-H length is 0.88(4) Å , and H Á Á Á O is 1.90(4) Å [6] . As observed by Holzapfel [2] even moderate compression reduces the H Á Á Á O distances, barely affecting the hydroxyl bond length, which leads to the strengthening of the hydrogen bond at high pressure [5] . Benoit et al. [3] and Lin et al. [4] predicted that higher compression will also lead to linearization of the O -H Á Á Á O bond and eventually the formation of a symmetric O-H-O hydrogen species of equal O-H distances.
Symmetrization of hydrogen bonds is expected to have a significant effect on crystal structure and the behavior of materials [5] . Suggestions that the phenomena may occur under compression were reported for a number of compounds, namely, the hydrogen halides [7] , -AlOOH(D), MgSi 2 O 4 ðOHÞ 2 , -AlðOHÞ 3 , CrOOH(D), GaOOH, InOOH, and formic acid [8] [9] [10] [11] [12] , but only in H 2 O ice-X, at pressures approaching 100 GPa, has the elusive symmetrization been unambiguously demonstrated [13] [14] [15] [16] .
Studies of hydrogen bond properties at pressures exceeding 20 GPa are difficult. The reason is that the ordinary direct and indirect structural methods such as powder x-ray diffraction (XRD), and vibration spectroscopy, Raman or infrared (IR), are unable to locate the position of hydrogen [9] [10] [11] [12] [13] [14] [15] . Neutron diffraction, the perfect method for this purpose, is currently limited to pressures of <20 GPa [11] . Yet the combination of single crystal XRD and vibrational spectroscopy, as demonstrated in the example of ice-X [16] , may be adequate to resolve the geometry of the hydrogen bond as a function of pressure. Recent developments of single crystal XRD in diamond anvils cells enable the refinement of atomic positions in complex crystal structures into the 100 GPa range [17] . This creates a unique opportunity to trace the geometry of the hydrogen bond by its effect on the shape of atomic groups or polyhedrons forming crystal structure. For example, the structure of -FeOOH (space group Pnma) [6] at ambient conditions consists of highly distorted FeO 6 octahedra ( Fig. 1 ) with three short [1.933(3), 1.962(2) Å ] and three long [2.107(3) Å ] Fe-O bonds. The longer Fe-O bonds designated as Fe-O1 correspond to the covalently bound oxygen of the hydroxyl, while the other oxygen O2 ligands are weakly bound to H of the nearest neighbor hydroxyl. Thus, the octahedral moiety can be described as FeðO Á Á Á HÞ 3 ðO-HÞ 3 . If, under compression, the hydrogen bonds symmetrize, namely, all O-H bond lengths become equal, this should lead to a reduction in the distortion of the FeO 6 octahedra easily measurable by single crystal XRD. Thus, a detection of this abrupt reduction of the FeO 6 octahedral asymmetry becomes the primary goal of this study.
High pressure structural studies of goethite up to $29 GPa have been performed by several groups [18, 19] . Nagai et al. [18] carried out powder XRD studies to 24 GPa and derived a bulk modulus K 0 ¼ 111ð2Þ GPa and its pressure derivative K 0 ¼ 4. Studies to 29 GPa by Gleason et al. [19] deduced values of K 0 and K 0 of 140(4) and 4.6(4) GPa, respectively. The behavior of goethite under pressure has been studied theoretically by Otte
week ending 25 OCTOBER 2013 et al. [20] using density-functional theory (DFT) which has predicted a pressure-induced high-spin to low-spin (HSÀLS) transition at $8 GPa concurrent with a structural transition to the "-FeOOH polymorph. But taking into account electronic correlation effects at the DFTþU level, the spin crossover in the " phase has been shown to take place at $56 GPa. At the same time, a possibility of the HS-LS transition in the phase has not been discussed in this work. Based on the spin-polarized ab initio calculations within the DFTþU method, Tunega [21] concluded that the antiferromagnetic high-spin (HS) state should be stable up to 80 GPa. Because of this, the structural parameters were investigated for the -FeOOH polymorph in the HS state only. On the other hand, conventional spin-polarized calculations using the generalized-gradient approximation suggest a HS-LS transition at $55 GPa, and, moreover, DFTþU total energies indicated a possibility of the LS state stabilization at high pressure. In view of the controversies in the structural and electronic properties of the above mentioned studies, diverse experimental structural and electronic methods have been employed in the present work: single crystal and powder XRD, the Mössbauer spectroscopy at variable (P, T), Raman spectroscopy, and resistance RðP; TÞ studies [22] . The experiment has been supported by state-ofthe-art theoretical calculations [22] . This methodology combination ultimately sheds new light on exciting pressure-induced structural and electronic properties in this transition-metal oxyhydroxide.
Upon compression to 44 GPa, the lattice parameters and unit cell volume of -FeOOH gradually decrease (Fig. 2 , Fig. S1 in Ref. [22] ). A close examination of the dependence of the normalized stress versus the Eulerian strain, P N ðf E Þ (Ref. [22] , Fig. S5 ), and VðPÞ shows that at P > 16 GPa the elastic properties change. The best fitting for VðPÞ could be obtained assuming two different equations of state for the 0-16 and the 16-44 GPa pressure ranges (Fig. 2 , see also Ref. [22] ). These changes at $16 GPa are even more obvious from the analysis of interatomic distances. Up to 16 GPa the O1 Á Á Á O2 distances, involved in the hydrogen bond and located across channels formed by octahedra (Fig. 1) , decrease much more rapidly than the Fe-O distances (Fig. 2 , Table S1 in Ref. [22] ). This indicates that up to 16 GPa, similar to isostructural -AlOOH [23] , bulk compression takes place through contraction of the channels, involving shortening of the hydrogen bonds, rather than slimming down of the FeO 6 octahedra [19] . At $16 GPa the compressibility of the O1-H Á Á Á O2 bond decreases sharply and becomes comparable to the compressibility of the Fe-O bonds (Fig. 2) . It is noteworthy, that up to 44 GPa the difference in compressibility of Fe-O1 and Fe-O2 bonds ($ 0:0035 # A=GPa for Fe-O1 and $0:0017 # A=GPa for Fe-O2) affects the shape of the octahedral FeðO Á Á Á HÞ 3 ðO-HÞ 3 moiety. The octahedral FIG. 1 (color). Crystal structure of -FeOOH along the b direction as well as FeO 6 H 3 octahedra at ambient pressure (a) and at 47.6(2) GPa (b). -FeOOH crystallizes in an orthorhombic structure (space group Pnma) and can be described in terms of a slightly distorted hexagonally close packed arrangement of O anions with Fe cations occupying two-thirds of the octahedral sites. The FeO 6 octahedra are linked together by sharing edges and vertices to form infinite 2 Â 1 channels parallel to the b axis with H atoms inside the channels. There are two independent oxygen sites: O1, at ambient conditions covalently bound to hydrogen (O-H bond), and O2, characterized by a weak H Á Á Á O bond; in the selected octahedron one can distinguish O1 a and O2 a atoms in the axial position and two O1 e and two O2 e atoms in the equatorial position. The octahedral FeðO-HÞ 3 ðO Á Á Á HÞ 3 moiety is highly distorted at ambient pressure (a): the Fe-O1 bonds are significantly longer than those of Fe-O2, and becomes regular above the transition pressure (b). distortion can be characterized by the deviation Á of the O1 a -Fe-O2 a angle from 180 and by the ratio of the average iron-oxygen distances hFe-O2i=hFe-O1i. Figure 3 shows that under compression FeO 6 octahedra demonstrate a clear trend to symmetrization, which is nevertheless far from complete at $44 GPa.
At $45 GPa an isostructural phase transition takes place manifested by a drastic reduction of the molar volume (by $11%), and vanishing of the Raman modes (Fig. 2,  Figs . S1, S2 in Ref. [22] ). Within the experimental errors the transition is reversible upon decompression with no obvious signs of hysteresis (Fig. 2) . The discontinuous volume drop with no change in symmetry group is usually characteristic of an electronic transition. To further elucidate the origin of the volume contraction 57 Fe Mössbauer spectroscopy studies were carried out in the 0-75 GPa range and in the 6-300 K temperature range.
The Mössbauer spectrum at ambient pressure can be well fitted with a single sextet component, with a hyperfine field (H hf ) of 50.2 T, typical of a six-coordinated Fe 3þ -O species in the high-spin configuration (S ¼ 5=2) [24] . Up to $50 GPa the antiferromagnetic low-temperature spectra barely change. The isomer shift (IS), which is negatively proportional to the s density ( s ) at the Fe nucleus, decreases monotonically with pressure increase (Fig. 2,  inset) . Above 50 GPa a new magnetic component appears (Fig. 4) and eventually becomes dominant at higher pressure. This component is characterized by smaller values of IS, H hf (7.2 T), Neel temperature (T N ), and larger quadrupole splitting (QS), all typical of a Fe 3þ low spin state (S ¼ 1=2, 2 T 2g ). At 75 GPa the only remaining component is this high pressure component (Fig. 4) .
Additional evidence of the strong electronic transformation taking place around 45 GPa is the sharp decrease of the RðP; 300 KÞ by 5 orders of magnitude (Ref. [22] , Fig. S3 ). From the T dependence (see inset) no metallization takes place up to the highest P. Thus we can conclude that around 45 GPa a corroborating electronic and isostructural transformation takes place, namely, a HS-LS transition leading to a significant reduction of the Fe 3þ ionic radius and the corresponding large drop in volume.
While the quality of the single crystal deteriorates upon the transition, we found the x-ray data still sufficient for accurate determination of the positions of iron and oxygen atoms in the high pressure phase (Ref. [22] , Table S1 ). This phase is characterized by significantly shorter O1 Á Á Á O2 distances, the same as measured in ice-X at 145 GPa where symmetrization of the hydrogen bond has been observed [16] (Fig. 2) . Furthermore, the distortion of the FeðO Á Á Á HÞ 3 ðO-HÞ 3 moiety is strikingly reduced (Figs. 1  and 3 ) with the O1 a -Fe-O2 a angle approaching 180 and nearly equal hFe-O2i and hFe-O1i bond lengths. The exact position of the hydrogen atom cannot be directly determined from XRD data, but the interatomic distance of the hydroxyl and the O Á Á Á H species can be derived using the valence bond rule and the experimentally measured atomic positions of iron and oxygen atoms (for details see the Supplemental Material [22] , and references therein). As can be seen at P ! 50 GPa [ Fig. 3(a) ] the difference D between the interatomic distances of (O1-H) and (H Á Á Á O2) vanishes. Thus, we conclude, that the single crystal XRD data provide strong evidence for a symmetric hydrogen bond in the high-pressure FeOOH phase. This H-bonds symmetrization is induced by the spin crossover, which converts the largely asymmetric polyhedra of Fe ionic radius even compared with the low-spin Fe 3þ , no hydrogen bond symmetrization has been observed to 50 GPa and it has been theoretically predicted to take place only at $110 GPa [21, 24, 25] . Importantly, the observed drastic volume change in -FeOOH at the spin transition is a consequence not only of the Fe 3þ -O bond length reduction, but also of the change of the O1 Á Á Á O2 distances which are reduced by $10%. The latter reflects, obviously, a drastic redistribution of the electron density in the FeðO Á Á Á HÞ 3 ðO-HÞ 3 moiety following the spin transition.
To further substantiate our findings we employed ab initio calculations in order to investigate the stability and structural properties of HS and LS Fe 3þ states in -FeOOH (Ref. [22] , Fig. S4 ). The antiferromagnetic (AFM) HS state with a local magnetic moment ðFe 3þ Þ $ 4:2 B was found to have the lowest total energy, i.e., to be the most stable configuration in the 0-57 GPa range (Ref. [22] , Fig. S4 ). Above 57 GPa (inset Fig. S4 ) the stable configuration becomes the LS phase with $ 1:1 B , in excellent agreement with the present experimental results. The theoretical analysis even implies [ Fig. 3(b) ] that the spin crossover results in nearly symmetric hydrogen bonds. Thus the two phenomena-electronic transition in Fe 3þ and modification of the hydrogen bond, resulting in the dissociation of the hydroxyl, are closely interlinked.
Our experimental studies combined with the ab initio calculations suggest that hydrogen bond symmetrization may occur in other inorganic oxy-hydroxide transition metal (TM) species at relatively low pressures in cases of pressure-induced electronic processes, such as spin crossover or pressure-induced oxidation of the TM ion which eventually leads to substantial volume reduction and change of electronic state. Such an effect may be common for crystalline materials and minerals containing water and At 50 K a slight broadening of the doublet takes place, followed by the onset of a magnetic splitting clearly observed at 6 K. This means a considerable drop of Neel temperature (T N ) as compared to T N above 300 K of the low-pressure phase. Thus, the high pressure phase is characterized by the significantly reduced isomer shift and hyperfine field, lower T N , and enlarged QS values as compared to the low pressure phase: all these changes are features of the low-spin state of Fe 3þ .
